A reflectarray is designed and demonstrated experimentally for polarization-dependent beam splitting at 1 THz. This reflective component is composed of two sets of orthogonal strip dipoles arranged into interlaced triangular lattices over a ground plane. By varying the length and width of the dipoles a polarization-dependent localized phase change is achieved on reflection, allowing periodic subarrays with a desired progressive phase distribution. Both the simulated field distributions and the measurement results from a fabricated sample verify the validity of the proposed concept. The designed terahertz reflectarray can efficiently separate the two polarization components of a normally incident wave towards different predesigned directions of ±30 • . Furthermore, the measured radiation patterns show excellent polarization purity, with a cross-polarization level below -27 dB. The designed reflectarray could be applied as a polarizing beam splitter for polarization-sensitive terahertz imaging or for emerging terahertz communications.
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Introduction
For centuries, controlling the propagation of electromagnetic waves has been one of the intensively researched topics in science and engineering. From conventional optical lenses to the exotic artificially patterned structures of today, scientists and engineers have progressively introduced more degrees of freedom in both theoretical and experimental aspects of beam manipulation for increasingly sophisticated applications [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] In the terahertz regime, due to lack of suitable naturally birefringent materials and because of high intrinsic material loss, devices that can separate the incident waves with polarizationdependent properties still remain challenging to realize. Implementations include a magnetically tunable liquid crystal phase grating used for tuning the ratio of the zeroth and first-order diffracted terahertz waves [16] . This fabricated terahertz beam splitter achieved modest efficiency of around 40%, although it was shown to provide high extinction ratio and tunability across a wide frequency range. To improve the efficiency, Berry et. al.
[17] demonstrated the potential of a subwavelength silver grating fabricated on a high-density polymer substrate for constructing a terahertz polarizing beam splitter in a wide frequency band. In [18], a metamaterial structure based on circular split rings was used to control the characteristics of transmitted terahertz waves, with effects strongly dependent on the incident polarization. One aspect worthy to mention here is that these designs mainly focus on polarization beam-splitting in transmission, with emphasis on frequency tunability. Beam splitting operation in reflection mode remains to the best of our knowledge relatively unexplored.
One feasible pathway for beam splitting in reflection is offered by the concept of reflectarrays. Owing to their high efficiency and flat profile, reflectarrays have been adopted widely in the microwave and millimeter-wave regions [19] [20] [21] , and implementations have been extended across the electromagnetic spectrum to the terahertz [22] [23] [24] and optical regimes [25] [26] [27] [28] with various functionalities such as beam deflection, focussing and beam shaping. Among the versatile functions of reflectarrays, steering reflected waves with polarization-dependent properties can find applications in areas such as signal transmission, polarization-sensitive measurements, and discrimination of incident polarizations. For example in the microwave regime, multilayer elements with rectangular patches [29] and cross-shaped microstrip loops [30] have been used as unit cells for constructing dual-polarization reflectarrays. Those realizations can achieve polarization-dependent beamforming functions, i.e., to scatter orthogonal polarization components into different directions. The scaled implementation of similar configurations with stacked multilayer structures in the terahertz and optical ranges is presently very challenging or even impossible to manufacture with the required precision.
In this work, a design of a polarizing beam splitter operating at 1 THz is proposed and experimentally validated. The device is based on the reflectarray concept and demonstrates the capability to separate the orthogonal polarization components of an incident beam and deflect them into different directions. Two sets of orthogonally orientated dipole resonators arranged in interlaced triangular lattices are used for composing the unit cell, and the corresponding local reflection response is achieved by varying the length and width of the dipoles. A subarray is then constructed from the unit cells with the desired progressive phase distributions to respond to incident waves with polarization-dependent properties. By taking micro-fabrication tolerance into design consideration, the reflectarray is then fabricated for experimental validation. Both simulation and measurement are employed to verify the concept and assess the efficiency and polarization purity of the device.
Design and simulation
This section introduces the configuration of the reflectarray. The unit cell is described first, followed by the design of subarrays with the desired operation as a polarizing beam splitter. Reflectarrays with polarization-dependent beam shaping ability can be in principle implemented using different approaches. For example, crossed dipoles with variable arm lengths [31, 32] or arrangements of orthogonal linear dipoles with variable dimensions [15, 30] can be employed. It was however observed that cross-talk between crossed dipoles in a non-uniform array can induce cross-polarized currents on the connected orthogonal arms, thereby degrading the polarization purity. Therefore, the approach considering interlaced arrays of orthogonal linear dipoles is preferred.
The unit cell
A unit cell for a uniform reflectarray is shown in Fig. 1 . The structure is composed of two sets of orthogonal dipole resonators arranged in a compact layout, with each set corresponding to a particular polarization. The arrangement of the interlaced triangular-lattice is chosen for reducing the mutual coupling between the two sets of dipoles, while a compact layout significantly increases the efficiency of reflection compared to a loose arrangement of dipoles [33] . The unit cell is made of three layers: dipoles made of gold as the top layer, a polydimethylsiloxane (PDMS) dielectric spacer as the substrate and a platinum ground plane. The different metals provide etching selectivity during the micro-fabrication process, while PDMS exhibits acceptable loss in the terahertz range. The surface impedance model used in [23] is adopted for these metals with Z Au = 0.287 + j 0.335 Ω for gold and Z Pt = 0.628 + j 0.667 Ω for platinum, while the relative permittivity 2.35 and loss tangent 0.06 of PDMS are determined from independent measurement. For operation at 1 THz, the size of the unit cell and the thickness of the PDMS substrate are selected at fixed values 2a = 200 µm and h = 20 µm, respectively. Different phase responses for a particular polarization can be achieved by varying the length and width of the active strip dipoles.
The phase response profile is simulated by using uniform infinite arrays in a commercial software package, Ansys HFSS, with periodic boundary conditions, and Floquet port excitation is applied. Based on numerical analysis, it is first confirmed that the effect of a dipole is negligible for the incident wave with polarization orthogonal to its axis. Therefore, in optimization of the unit cell shown in Fig. 1 , the dipoles perpendicular to a given polarization are fixed at the dimension of 40 µm × 80 µm, while the length of the dipoles parallel to the polarization is varied from 40 µm to 140 µm. In order to achieve a smoother phase curve with less stringent tolerances, a strategy based on variation of both length and width is found to be more efficient than variation of length only [28] . As shown in Fig. 2 , narrower strip dipoles introduce a wider dynamic phase range but at the cost of a steeper phase change and reduced efficiency around resonance. In contrast, widening the dipoles decreases the dynamic range but smooths the transition of the phase curve around resonance. Based on this trade-off, we strategically adapt the dipole width for a wide enough dynamic range and relatively smooth phase change response for higher efficiency. We start the length variation with the shorter dipoles with a narrow width, to maximize the starting phase. With an increase in the dipole length, the width is linearly increased for a smoother phase response and low absorption around the resonance. After the resonance, the width of the dipoles is gradually decreased with further increasing length for a wider phase range. Away from resonance, the phase response is not sensitive to the width of the dipoles, and therefore a change in the width is not necessary. Based on these considerations, the length l 1,2 and width w 1,2 of the gold dipoles are varied according to the piecewise linear function relation:
These linear functions are illustrated as the solid line in Fig. 2 . The numerically resolved reflection phase and magnitude responses obtained as a function of the dipole length with the described width variation are given in Figs. 3(a) and 3(b) , respectively. From the results, it is observed that a phase change of over 300 • is achieved, while the highest loss on resonance is around 5.5 dB for a substrate loss tangent of 0.06. Since narrower strips have lower reflection efficiency on resonance (Fig. 2(b) ), the maximum loss on resonance of the dipole is higher than the maximum loss of 1.2 dB observed in the square patch unit cell with similar material properties [23] . Nevertheless, considering that most dipoles in the reflectarray will be operating detuned from resonance, these results indicate that the proposed structure can offer a sufficient phase range for designing a reflectarray with reasonable reflection efficiency.
Subarray arrangement for terahertz beam splitting
The phase response data shown as blue solid line in Fig. 3(a) is applied for constructing subarrays composed of several unit cells. The full reflectarray will then consist of a periodic arrangement of such identical subarrays. In the present case, subarrays containing two orthogonal sets of dipoles, each composed of 6 elements are designed for deflecting a normally incident wave into two different directions. By following the design procedure of [23] , at the operating frequency of 1 THz, i.e. λ 0 = 300 µm and a = 100 µm, a progressive phase change of Δφ = ±60 • Fig. 2 . Simulated reflection phase and magnitude responses as a function of the dipole length and width. The graphs show the strategy for determining the relation of the length and width of the dipoles to achieve a smooth and wide phase response with high efficiency. The lines correspond to the length and width relation given in Eq. 1.
between adjacent dipoles with the same orientation results in a beam deflection of
where θ is the deflection angle off the specular reflection in the incident plane. The layout of the subarray obtained from this design procedure is shown in Fig. 4 . By taking the fabrication tolerance into account, the length and the width of each dipole in the subarray are rounded to the next discrete value in micrometer. Due to different mutual coupling in the uniform and non-uniform arrays, the dimensions of the dipoles for constructing subarrays selected from the phase curve shown in Fig. 3(a) require fine tuning to achieve more accurate local phase response in the array. The corresponding optimized dimensions of the 12 dipoles are given in Table 1 .
Instantaneous field distributions depicting the response of the reflectarray illuminated by a normally incident plane wave at 1 THz are shown in Fig. 5 . The incident field is shown in Fig. 5(b) whereas the scattered fields for the TE and TM polarizations are demonstrated in Figs. 5(a) and 5(c), respectively. The scattered fields clearly illustrate that the normally incident plane wave is deflected into predefined directions according to the polarization. The relatively strong amplitude suggests good efficiency for the deflection. Due to the attenuation and the discrete resolution of the dipoles, the uniformity of the deflected wavefront is slightly degraded. This phenomenon is more obvious for the TE polarization than for the TM polarization. Similar observations have been reported in [23, 34] , with a possible cause being the imbalanced response of each dipole in the TE polarization. It is noteworthy that, if the incident polarization is 45 • in the xy plane, the normally incident beam will be split into two deflected beams of equal 
Reflectarray fabrication
In order to validate the reflectarray designed for beam splitting, we fabricate a reflectarray that contains a periodic arrangement of 252 × 84 subarrays shown in Fig. 4 . This corresponds to a total sample size of 50.4 mm × 50.4 mm, which fits a standard 3 inch wafer and is sufficient to cover a collimated beam in the measurement. The details of the fabrication process and sample are given in this section. A 3 inch silicon (100) oriented wafer was cleaned with solvents, dried with high purity compressed nitrogen, and coated with the metallic ground plane. The ground plane was composed of a 200 nm platinum thin film, with a 20 nm titanium thin film utilized to promote adhesion to silicon, deposited at room temperature by electron beam evaporation. A two-part, high purity, silicone elastomer -PDMS -was prepared as a mixture of curing agent and pre-polymer in a 1:10 weight ratio [35, 36] . This PDMS is used to define the controlled thickness dielectric layer of 20 µm in the reflectarray. To attain 20 µm, the polymer is spin-coated at 1,950 rpm, with an acceleration of 1,000 rpm/s 2 for a 30 s duration. The layer is then cured at 72 • C for 1 h. The attained thickness was verified experimentally by surface profilometry. The metallic dipoles were defined using 200 nm thick gold films, with a 20 nm thick adhesion layer of chromium. This metallic bilayer is patterned using photolithography and wet etching, with the choice of platinum for the ground plane ensuring selectivity. The residual photoresist is cleaned with solvents, in preparation for terahertz measurements. A micrograph of a small region of the final sample is shown in Fig. 6 , with one subarray highlighted.
Results and discussion
The sample has been measured using a commercial terahertz time-domain spectroscopy (THz-TDS) measurement system, namely, Tera K15 developed by Menlo Systems GmbH. The measurement setup and experimental results are given in this section.
Measurement system
A photograph of the measurement setup is shown in Fig. 7(a) with a corresponding schematic representation in Fig. 7(b) . The two identical lenses with an effective focal length of 54 mm are used for obtaining a collimated beam. The emitter and lens #1 are mounted on a fixed rail. The sample is mounted on a platform with angular scale that can be rotated for adjustment of the incidence angle. Particular care is necessary to ensure that the surface of the sample has its center located on the rotation axis. A femtosecond optical pulse from a near-infrared laser source is guided by a fiber to the terahertz emitter. The generated broadband terahertz radiation guided from the emitter is collimated by lens #1 before impinging the reflectarray. The detection part of the system comprises lens #2 that focuses the scattered fields onto the detector. Both of the components are mounted on a rotation arm pivoting around the sample center point. This arrangement allows convenient scanning the radiation pattern in a wide angular range. For the reference, a gold-coated mirror replaces the reflectarray, and the incident and reflected angles are set to 15 • . For each polarization, two measurements are carried out on the sample. Firstly, the incidence angle is set to 15 • for measuring the specular reflection off the reflectarray sample. Secondly, the sample is illuminated at normal incidence in a given polarization, while the detection arm is rotated to scan the scattered terahertz waves at different angles. In the measurement of the radiation patterns, the scanning ranges for both the TE and TM polarizations are limited to the ranges, −48 • to −22 • and 22 • to 48 • , because the minimum clearance between For measurements in the other polarization, both the emitter and detector are rotated by 90 • , and the measurement procedure is repeated. All the measurements of the reflectarray are normalized using the mirror reference to remove any system dependency.
Measurement results
For the TE polarized incident wave, the normalized spectra for specular reflection and −30 • deflection are shown in Fig. 8(a) . A distinct notch at around 1 THz can be observed from the sample specular reflection. This is because considerable energy around this frequency is deflected away from the specular direction. At the predesigned deflection direction of −30 • , the strong deflection peak appears close to the design frequency of 1 THz as shown in Fig. 8(a) with the red solid line. It is observed that, for the TE polarized incident wave, 75% of the incident magnitude is deflected into the designed direction. Similar results are obtained for the TM polarization, however with the difference that the deflection direction is on the other side of the incident direction. The corresponding measured results are given in Fig. 8(b) . Strong deflection can be observed at around 1 THz in the designed deflection of +30 • with a deflection magnitude of around 80%, thus showing slightly higher deflection efficiency compared to the TE polarization.
In order to characterize the angular behavior of the deflected beams for normal incidence, the radiation patterns of the reflectarray for both of the TE and TM polarizations are simulated and measured as shown in Fig. 9 . In the HFSS simulations, the radiation pattern of the TE and TM polarizations can be numerically obtained using an approach based on the array factor, but neglecting edge effects. The results shown in Figs. 9(a) and 9(b) demonstrate the predicted polarization-dependent deflections. A specular reflection component, i.e. a feed im- age lobe [37] , exists but is around 10 dB lower than the maximum deflection. This specular component can also be interpreted as imperfectly suppressed zeroth-order spatial harmonics associated with the subarray periodicity. The measured radiation patterns at 1 THz are given in Figs. 9(c) and 9(d) for the TE (red line) and TM (blue line) polarizations, respectively. Because of different excitations, plane waves for simulations and Gaussian beams for measurements, wider deflection beams and lower side lobes are observed in measured radiation patterns when compared with the simulated patterns. The measured cross-polarized components caused by grating lobes in the deflected beams are −27 dB for the TE polarization and −29 dB for the TM polarization. However, it is noted that those values are most likely limited by the measurement system dynamic range.
As for the spectral characteristics of the reflectarray, the normalized scattered wave amplitude is shown in Fig. 10 . The magnitude is plotted in linear scale as a function of frequency and scan angle. It is again demonstrated that the strongest deflection take places around the specified frequency in the designed directions for both of the TE and TM polarizations. Off the optimum, the deflection efficiency degrades gradually. Away from the predesigned main lobes for both the TE and TM polarizations, grating lobes introduced by the periodic configuration in subarrays are apparent in Fig. 10 beyond 1.4 THz.
The above measurement results demonstrate promising prospects for the designed reflectarray for terahertz beam splitting. However, there are two aspects that could be improved for further enhancing the performance of the reflectarray. Firstly, the angle for the maximum deflection amplitude of the TE and TM polarized incident waves shifts from the designed ∓30 • at 1 THz to measured −28 • at 1.04 THz and +29 • at 1.03 THz, respectively. This slight disparity is caused by fabrication tolerance. In particular, the substrate thickness of the fabricated sample has been estimated to be 17 µm, rather than the target thickness of 20 µm. The fabrication tolerance moves the frequency for the maximum deflection slightly off the designed optimal frequency, which translates in a shift of the angle for the maximum deflections, i.e. through the phenomenon of beam squint with frequency [38] . Secondly, the deflection efficiency for the TE and TM polarizations could be improved by using dielectric substrates with lower loss tangent.
Conclusion
A terahertz reflectarray with orthogonal strip dipoles in an interlaced triangular-lattice configuration has been proposed and designed for operation as polarization beam splitter. The performance of the fabricated prototype has been measured with a THz-TDS system. Both the simulation and measurement results successfully verify that the designed reflectarray can efficiently deflect the incident waves into different directions depending on the incident linear polarization with an efficiency of over 60% and polarization purity of at least -27 dB. For higher deflection efficiency, a lower loss material could be applied as the substrate. As the reflectarray construction is based on resonant elements, the -3 dB bandwidth of the designed beam splitter is limited at about 3% in the present case. The limited bandwidth behaviour of the terahertz beam splitter could be improved by considering multi-layer approaches developed in the microwave regime [39] . The challenging adaption of these techniques to the terahertz regime will be the topic of future investigations. These reflectarrays could be applied as optical components for polarization discrimination or as polarization demultiplexers for terahertz communications.
